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Prelude: After the discovery...

 Discovery of the new boson has been followed by numerous
studies by ATLAS/CMS with focus on answering:
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* if the new boson is “the SM Higgs boson’ and
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* if there are any hints for the physics beyond SM?

* In general answers are provided as experimental:
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* measurements of the properties of the new boson and

* searches for additional/BSM Higgs-like boson(s) in a wide mu range
Phys. Lett. B, Volume 716, Issue |

« ATLAS/CMS finalising analyses with full Run| dataset. Updated public results in include:
* observation of the Higgs boson in bosonic decay modes + evidence for its coupling to fermions
- precise determination of the Higgs boson mass,

+ compatibility of its couplings with the Standard Model predictions, ...

’ but, so far, no hints for any BSM physics...
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Prelude: EFT approach... -

- Effective Field Theory approach gives a model-independent and systematically-improvable
way of characterising the Higgs boson

* a general way to describe the dynamics of low-energy degrees of freedom

A - new physics scale

1 o .
§ : - Willson coefficient
Eeﬁ‘ o £SM _I' A—dz 4 Cz’ O’L ;
')

- Common to consider only lowest order operators O;

- justified by the lack of evidence of any BSM states

+ In general, operators (J; can modify inclusive rates and differential distributions

* deviations constrained by the existing fits to the Higgs boson couplings

»

study the presence of “anomalous” HVYV interactions
using full (differential) information
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Phenomenology of HVV interactions
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Phenomenology: spin-0

* Spin-0 interactions with a pair of gauge bosons V| and V2 (Z, W, Y)

+ Consider terms that correspond the lowest order operators in EFT Lagrangian:
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Phenomenology: spin-0

* Spin-0 interactions with a pair of gauge bosons V| and V2 (Z, W, Y)

+ Consider terms that correspond the lowest order operators in EFT Lagrangian:
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Phenomenology: spin-0

* Spin-0 interactions with a pair of gauge bosons V| and V2 (Z, W, Y)

* Equivalent pictures: effective theory Lagrangian or scattering amplitude
(up to g? terms in the amplitude form-factors expansion)

R A A 2 ViV px(V1) px(V ViV px(V1) F(V
A(HV1V2) ~ {a)* 7 + R e ey, +ay Y V) frOVR gV V) Ve
()
1
A\ term a2 term a3 term
leading momentum expansion CP-even interaction CP-odd interaction

* Values of couplings in SM (only a| at tree-level, other loop-induced):

aq q>/A\? as as
HZZ(WW) 2 1073 -10"2 1073 —-10"2 < 10710
HZ~ - 1073 -10"2 ~0.0035 <1010
Hry~y - - ~ -0.004 < 10710
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Phenomenology: spin-0

* Spin-0 interactions with a pair of gauge bosons V| and V2 (Z, W, Y)

* Equivalent pictures: effective theory Lagrangian or scattering amplitude

(up to g? terms in the amplitude form-factors expansion)

ViV | Bl R 4yt g 2 ViV px(V1) px(Va) ViV px(V1) F*(Va)
Vi V2 * * * * * %
AHV1Va) ~ Jag* ™2 + 3 MyEy vy + a2 f VT ag TR fL T fRTRRY
()
1
A\ term a2 term a3 term
leading momentum expansion CP-even CP-odd
* Values of couplings in SM (only a| at tree-level, other loop-induced):
ay q° /A% as
HZZ(WW) 2 1073 -10"2 1073 -10"%2 <1071
HZ~ - 1073 -10"2 ~ 0.0035 <1071
Hry~y - - ~ -0.004 < 10710

* In this study we probe the presence of these HVV anomalous couplings:

 Allow coupling parameters to be complex

* Interpretation only clear for small BSM contributions
(need dedicated study if a large deviation is observed)

Predrag Milenovic, University of Florida 8

Previously excluded pure a; and a3 terms:
Phys.Lett. B726 (2013) 120-144
Phys.Rev.Lett. 1 10 (2013) 081803
Phys.Rev. D89 (2014) 092007
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Phenomenology: spin-1 & spin-

- Spin-1 interactions with a pair of gauge bosons V| and V2 (Z, W)

YV s . . § W I Important to study spin-|
A(Xj=21VV) ~ by " [(e19) (€v26x) + (€v29) (ev1€x)] + b; eawlgeg‘(e\,lev'éqﬁ, hypotheses in decay to
massive vector bosons.

vector particle pseudo-vector particle
¢ Test for an arbitrary mixture of vector and pseudo-vector (qq and production independent).
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Phenomenology: spin-1 & spin-2

- Spin-1 interactions with a pair of gauge bosons V| and V2 (Z, W)

YV s . . § W I Important to study spin-|
A(Xj=21VV) ~ by " [(e19) (€v26x) + (€v29) (ev1€x)] + b; eawﬁeg‘(e\,levléqﬁ, hypotheses in decay to
massive vector bosons.

vector particle pseudo-vector particle
¢ Test for an arbitrary mixture of vector and pseudo-vector (qq and production independent).

- Spin-2 interactions with a pair of gauge bosons V| and V2 (Z, W, Y)
A(Xj=2VV) ~ A7 l2c}’vtw frime v g ocyVty, q/”‘\_qf frima pr2vp

+vat qﬁq“( *1,uv *2+ *2,1v *1)+ VVt q’vq}t *1,ap 2
3 ‘pv f fwc f fwx Cq Ty A2f facﬁ

A2
2 VV, ¥ sy VW, 979a o sv xa _ xa v VW, 479« o«
+my (2C5 fuweyieva + 266t~ (Evieva — evieva) + 67 Tty eviey,

GgHgv ~
AT SR

A2 L A4

i e e*ve*P o i€ PG7 (XY (gek,) + €Xl (ger
+md (cé’vtﬂ“q“ pvpo€vi€vaq +C}/vth% wped’ G (€1 (9€3%,) + €5(9€1))

* Test for pure state terms only (qq production, gg production and production independent).
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Phenomenology: spin-1 & spin-2

- Spin-1 interactions with a pair of gauge bosons V| and V2 (Z, W)

YV s . . § W I Important to study spin-|
A(Xj=21VV) ~ by " [(e19) (€v26x) + (€v29) (ev1€x)] + b; eawﬁeg‘(e\,levléqﬁ, hypotheses in decay to
massive vector bosons.

vector particle pseudo-vector particle
¢ Test for an arbitrary mixture of vector and pseudo-vector (qq and production independent).

- Spin-2 interactions with a pair of gauge bosons V| and V2 (Z, W, Y)

A(Xj=2VV) ~ A7 l2c}’vtw frima v 4 ociVe,, _q/"‘\iﬁ el r2.up

+vat qﬁq“( *1,uv *2+ *2,1v *1)+ VVt q’vq]/t *1,ap 2
3 ‘pv f fwc f fwx Cq Ty A2f facﬁ

A2
2 VV, ¥ sy VW, 979a o sv xa _ xa v VW, 479« o«
+my (2C5 fuweyieva + 266t~ (Evieva — evieva) + 67 Tty eviey,

GgHgv ~
AT SR

~ xv X0 o ~ 0RO ( ¥V * *V *
Ja€puvpo€ 1€vd Ja€uvocd 4 (e (qGVZ) te€ (q€V1))
o <C9W”‘“ N e

* Test for pure state terms only (qq production, gg production and production independent).

* Test also for the presence of hearly degenerate states (non-interfering)
 SM Higgs-like state and an alternative spin-parity hypotheses |“P (BSM scenarios)

+ sufficiently separated that decay amplitudes do not interfere, but still closer than experimental resolution
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A few words on the analysis techniques
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Observables: H & ZZ / Zy* / y*Y*

* Eight independent degrees of freedom describe
the kinematics in c.m. frame. Expressed as observables:

* 3 masses: my, mz|, mzz

- 5angles: 0°,®,,0,0, ¢

Use 8 observables simultaneously in fit or

arXiv 1208.4018

combine them in a few “optimal” discriminants
CMS 19.7 o™ (8 TeV) + 5.1 fis” (7 TeV) CMS 19.7 o™ (8 TeV) + 5.1 fb" (7 TeV) CMS 19.7 b (8 TeV) + 5.1 fb™ (7 TeV) CMS 19.7 o (8 TeV) + 5.1 fb™ (7 TeV)
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H - ZZ - 4l;: Kinematic Discriminar

* Matrix Element Method: Use ratio of LO matrix elements |ME|? to build discriminants

* do not use system pt and rapidity Y (NLO effects, PDFs)

Use kinematics of the 4l system
* interference effects due to permutations of identical leptons arXiv 1210.0896

arXiv 1208.4018

* use the assumption: mx = my

Basic ME-discriminator to separate SM Higgs from backgrounds:

KD(L7Z) IME, (sg — H — 40)
’ IME,, (43 — 4¢)

Basic ME-discriminator to separate alternative |* hypothesis from bkg.:

KD(J";77) =

IME ., (3ox — 1" — 4¢)f
ME,, (47 — 40)[
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H - ZZ — 41: Kinematic Discriminal

* Matrix Element Method: Use ratio of LO matrix elements |ME|? to build discriminants

* do not use system pt and rapidity Y (NLO effects, PDFs)

Use kinematics of the 4l system
* interference effects due to permutations of identical leptons arXiv 1210.0896

arXiv 1208.4018

* use the assumption: mx = my

Basic ME-discriminator to separate SM Higgs from backgrounds:

2
KD(:77) IME, (gg D H > 4f)|
|MEZZ (qq - 4£)|

Basic ME-discriminator to separate alternative |* hypothesis from bkg.:

IME ., (3ox — 1" — 4¢)f
ME,, (47 — 40)[

KD(J";77) =

 Extend discriminators to include the discriminating m4 information:
Extended discriminator to separate SM Higgs from backgrounds:

IME, (xx — H — 40)[ - pdf (m,, 1m,,)

D(H:ZZ) = — >
ME,, (g3 — 4¢)| - pdf (m,,12Z)

Extended discriminator to separate an alternative |* hypothesis from backgrounds:

D(J;7272) =

2
IME ¢, (xx = 1 — 40)[ - pdf (m,, Im .)
IME,, (43 — 4¢) - pdf (m,,122)
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H— ZZ - 41: Kinematic Discrimin

* Matrix Element Method: Use ratio of LO matrix elements |ME|? to build discriminants

* do not use system pt and rapidity Y (NLO effects, PDFs)

Use kinematics of the 4l system

* interference effects due to permutations of identical leptons arXiv 1210.0896
arXiv 1208.4018

* use the assumption: mx = my

Basic ME-discriminator to separate SM Higgs from backgrounds:

2
KD(:77) IME, (gg D H > 4f)|
|MEZZ (qq - 4£)|

Basic ME-discriminator to separate alternative |* hypothesis from bkg.:

IME ., (3ox — 1" — 4¢)f
ME,, (47 — 40)[

KD(J";77) =

 Extend discriminators to include the discriminating m4 information:

Extended discriminator to separate SM Higgs from backgrounds:
change the variables

. D(H;7Z)

(without loss of information)

IME, (xx — H — 40)[ - pdf (m,, 1m,,)

D(H:7Z) = —
ME,, (g3 — 4¢)| - pdf (m,,12Z)

Extended discriminator to separate an alternative |° hypothesis from backgrounds:
change the variables

ME . (xx > J" > 44 g df (m,, | m ., CcP,
puerizzy = M| ) 771 - LU Z2)
D(H.ZZ)

2
ME q—4L) - | ZZ - E .
IMEzz (4 — 4L) - pdf (m,, 1 22) (without loss of information)
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H - ZZ - 41: Kinematic Discriminan

* Matrix Element Method: Use ratio of LO matrix elements |ME|? to build discriminants

do not use system pt and rapidity Y (NLO effects, PDFs)

Use kinematics of the 4l system
interference effects due to permutations of identical leptons arXiv 1210.0896

arXiv 1208.4018

use the assumption: mx = my

Final discriminators Djcp and Dgkc obtained by compressing
D(JP;H) and D(H;ZZ) between 0 and |:

Discriminator Djp to separate SM Higgs from an alternative |° hypothesis:

- —1
|MEJP(Pi)2]
| M By (p3) |2

Djr = [1 + const. -

Discriminator Dgkc to separate signal(s) from backgrounds:

|M Eyz (7)) -pdf(m4e\ZZ)] -
| M Ex(p;)[2 - pdf (mae|H)

Dpkag = [1 + const. -

LO MEs are computed using JHUGen (signal) and MCFM (qq — ZZ) in MELA package

« Common subset of MEs validated with MEKD (FeynRules + Madgraph) and analytical MELA

REFERENCES: arXiv 1210.0896 , arXiv 1001.3396 , arXiv 1108.2274, arXiv 1208.4018, arXiv 1211.1959
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Observables: H > W*W- — |vlv,

H->WW-=Ivlv - full event reconstruction is not possible.

 Kinematics described by lepton momenta and MET

CMS 19.41b™ (8 TeV) + 4.9 f" (7 TeV) CMS 19.4 o™ (8 TeV) + 4.9 fb" (7 TeV)
° . > 7““\““\““\““7 > FrrrrrrrT T T T T T
Two observables: mt , my 3 [ e AR N 5T oo ]
- o eoor } owoa ] N s ]
Use 2 observables in fit 2 ‘ A R .
: c L 0 c | B To |
simultaneously (2D p.d.f.) 5 — . — T
W 1 400 -
* Fit spin-0 HVV anomalous couplings ol
* Hypothesis testing for pure spin-one -
and as a function of qq for spin-two —
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Observables: H > W*W- — |vlv,

H->WW-=Ivlv - full event reconstruction is not possible.

 Kinematics described by lepton momenta and MET

CMS 19.4fb™ (8 TeV) + 4.9 fb" (7 TeV) S CMS 19.4 o™ (8 TeV) + 4.9 fb" (7 TeV)
° . > H L L L B FrrrrT T T T T
TWO Observables. U : my 8 | en0det ¢ Observed ] 8 800? eu 0-jet ¢ Observed |
. A S 600}~ } fsw“@__ - ™ I *SW"&'E ]
Use 2 observables in fit 2 ‘ et ) flaws =n
simultaneously (2D p.d.f.) 5 s ] Lgu, j — .
L - . 400
* Fit spin-0 HVV anomalous couplings ol
* Hypothesis testing for pure spin-one b I ——
and as a function of qq for spin-two My (GeV)

19.7 o' (8 TeV) + 5.1 b (7 TeV)

H-YY - full event reconstruction, two body decay = ‘fcms e opeenves
35 ; Post-fit expected:
- using the cosO" distribution for discrimination 3F ez
25 qa - 25 - vy
(decay angle relative to the beam axis) 2f NS S
156 — 1
- Shaping of distribution by acceptance cuts L e
05 S
reduces discriminating power of

C | | | | | | 1 | |
0O 01 02 03 04 05 06 07 08 09 1
(from arXiv:1407.0558) |COS(G*)|
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Study of exotic scenarios
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Spin-one scenarios

- HOZZ-41 + H-O-WW-2l2v:
Test arbitrary mixture of vector and pseudo-vector
(both gqq and production independent):

\YaY%
sz -

b3 2

Op2

fv2

b1V Pows + 63V 20w

* Summary plots for H*ZZ—+41 and H>WW —2]2vV channels:

H—-ZZ-4l

Predrag Milenovic, University of Florida

2xIn(L /L)

CMS 19.7 b (8 TeV) + 5.1 fb (7 TeV)
: T T T ‘ ‘ T T T ‘ T T T ‘ T T T :
60~ qg— X = 2ZZ
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40— [ Expected at 68% CL Expected at 68% CL —
301 =
20 =
1
oF
AR RAARRE QAR RRRRANIRY XNRAXVIRNIN
.
20 -
: Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il :
0 0.2 0.4 0.6 0.8 1
fb2

fv2

0 - pure vector

| - pure pseudo-vector

H->WW-2l2v

L)

Ly

L

2% In (

50

40

30

20

10

-10

-20

Example test-statistics

C T T
0.12—

Pseudoexperiments

CMS 19.4fb™ (8 TeV) + 4.9 fb™ (7 TeV)
7\\\\‘\\\\‘\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
qa — X — WW
—@- Observed
-&- 0* —A— P

LA L L L L L B B

\\
N

[ Expected at 68% CL 7//// Expected at 68% CL{

ey
R
L

0 010203040506 0.70809 1
fWW
b2

Excluded an arbitrary mixture of vector
and pseudo-vector (99.999% CL)!
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Spin-two scenarios (H—ZZ—-

 HZZ-4l: Test only for pure state spin-two terms
(qq production, gg production and using production independent discriminants):

120 CMS H—ZZ 19.7 fo'' (8 TeV) + 5.1 fb™! (7 TeV)
~ N : : : : : : : : : : : : : : : : : T
P [~ Observed - Expected @ @ i o©o0ofoiononoboon b n
= 10p Mosto  MMSLeto 000D
n_ﬁ 80__' 0+120. -JPiZG : : : : : : : : : : : : : : : : : :__
= [ i 030 S =30
f= 60 S S S A A SR S S ]
X F i RS TR S S S N S A I
— 40 -
| l r
b | rr l rl l rl
N ke L i
s -20
-40
-60- : : : : : : : : : : : : :
+ £ o Le c +a +8 .:.%.§E+E+g+2+:+n+2+2.:.%.25+5+g+g+:+n+g+2.c.%.E

[aV}
C\I+C\lC\IJE\IC\IC\I+N£NC\IN:C\INC\INC\IC\IC\IC\IC\IC\I:C\IC\INC\IC\INC\IC\IC\IC\I

gg production qq production decay-only discriminants

Excluded all pure state spin-two hypotheses
at 96.9% CL or better!
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Spin-two scenarios (combinatic

* HOZZ-41 + HOWW-2l2v:
Test for pure state spin-two terms only
(gg production, gg production and
using production independent discriminants):

(?1 120 CMS X —ZZ + WW 19.7 b (8 TeV) + 5.1 fb' (7 TeV)
- 5 --Observed ---Expected | | { i i i i i b0 bbb
o :'100‘ 0" =1 mS = T
T n, gob 020 WESs20 L0 00 00
3 < mo.o Mmoo ogi L gl gl
£ oe0p q |
1 1 l l
r 2o rflﬁ rrrlrll
OF
: ﬁ
o I, | |‘I ||| | || |||
<
1 40}
N -60 £ :
N . +E+E+:+4:+4:+,c+2+,’E.,:.%.E;+E+:+Q+:+n+£+2.:.%.z
: qd gg production : qg production
—
Excluded all pure state spin-two hypotheses
at 99% CL or better!
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H—41 + H—212v + H—2y

- H—41 + H-2I12v + H-2Y:
Test an arbitrary mixture of

gg and qq production modes

CMS Preliminary 19 7 fb (8 TeV) +5.1 fb (7 TeV)
— R R ' TPTTTTprrrTprTTT
_;o X(2 ) ZZ + WW +yy
\a_: 607 —e— Observed
= i —— 0 ——F
- l 0 = 1o expected 7777+ 1o expected |
~ 40+ + 20 expected 7+ 20 expected  _|
X
S ]
20
0
-20
_407\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
0 010203040506 070809 1

f(ca)

Excluded an arbitrary mixture
of production modes!
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Nearly degenerate states (hon-

- HOZZ-41 + H-O-WW-2l2v:
Test also for the fractional presence of nearly degenerate
non-interfering states (both gg and qq production):
Py __ o,pP
fF(J7) = Oo++0,p

0* - SM Higgs
JP - non-interfering state

* Summary plot for H—4l results:
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For all models the fraction of nearly degenerate
(non-interfering) state is consistent with 0!
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Study of spin-zero HVV anomalous couplings
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Phenomenology: spin-0

* Spin-0 interactions with a pair of gauge bosons V| and V2 (Z, W, Y)

* Equivalent pictures: effective theory Lagrangian or scattering amplitude
(up to g? terms in the amplitude form-factors expansion)

V1iVy RY1V2q\2/1+/‘6¥1V2q\2z2 2 x % ViVa px(V1) px(Va),uv ViVa £x(V1) £x(Va),uv
AHV1Va) ~ a7 + My€y €y, + a0 2 Y f +az'

| e
g B, b

A\ term a2 term a3 term
leading momentum expansion CP-even interaction CP-odd interaction

* Values of couplings in SM (only a| at tree-level, other loop-induced):

aq q° /A% as as
HZZ(WW) 2 1073 -10"2 1073 —-10"2 < 10710
HZ~ - 1073 -10"2 ~0.0035 <1010
Hry~y - - ~ -0.004 < 10710

* In this study we probe the fractional presence of these HVV anomalous couplings:

 Allow coupling parameters to be complex

* Interpretation only clear for small BSM contributions
(need dedicated study if a large deviation is observed)

Predrag Milenovic, University of Florida 26

Previously excluded pure a; and a3 terms:
Phys.Lett. B726 (2013) 120-144
Phys.Rev.Lett. 1 10 (2013) 081803
Phys.Rev. D89 (2014) 092007
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Measurements of spin-zero anomalous

Summary of anomalous couplings...

Interaction Anomalous Coupling
Coupling Phase

A1 Pa1
HzZ as Pa2
az $a3
AW N
HWW ay W PprW
3" O
z z
A" a1
z Z
HZ'Y a2 7 uZ’Y
z Z
a3 ! ‘Puf;y
Hyy ay’ 2

Y
¢a3

* Report results as effective cross-section fractions:

example of effective cross-section fractions (0 < f.2 < I):
|612|2f72 a
far = / Pap = arg | —
’ ‘a1|20'1+|a2|20'2+ |ﬂ3|20'3+5'A1/(A1)4-|-... ! ai

Predrag Milenovic, University of Florida

o
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Measurements of spin-zero anomalous

Summary of anomalous couplings and measured parameters:
Interaction Anomalous Coupling Effective

Translation
Coupling Phase  Fraction Constant
A1 ‘PAl fAl (%1 /5[\1 = 1.45 X 104 TeV_4
HZZ a» Pa2 faZ o1/0o = 2.68
as Pa3 fa3 01/03 = 6.36
AW PV W g VW /oW = 1.87 x 10* TeV ™
HWW ay W PprW W "W /oW = 1.25
W PIW Ww oW /W _ 301
ALY ¢ 2y 0} /54] = 5.76 x 103 TeV™*
HZy a5 2y o o) /0T =224 x 1074
al oo o 7 /02 =272 %1074
Hyvy a)” A i o1/ =282 x107*

Y Y Y
4’(13 a3

o1/0)7 =288 x 1074

* Report results as effective cross-section fractions (and amplitude ratios |ai/a||):

example of effective cross-section fractions (0 < f.2 < I): clear connection between

5 the two parameterisations
|a2] 02 az
fa2 = 2 > > ~ 1 ’ Pap = arg | —
\a1|%0q + |az|?02 + |as|?03 + a1/ (A1)" + ... 1

ail _ [fa o [0
LR B Ea BN _-
|a1| fa1 0i

“Higgs + jets" workshop, Durham, 20 14
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Measurements of spin-zero anomalous

Summary of anomalous couplings and measured parameters:

Interaction Anomalous Coupling Effective Translation
Coupling Phase 7 Fractlon Constant

f Al

o s e O

'al/am =1 45 X 104 TeV 4 jl

Measurement scenarios:

Hzz f2 A,B,C,D 01/02 =268 One non-zero anomalous
fa3 0'1 /0'3 = 6 36 3
REA————e=maenempee | S <o TU] 1] [o}-H
_, /UA1 — 1.87 x 104 Tev—* rji A. real (phase @=0,1T)
HWW ) a2 a2 /oy " =125 B. complex
ay W PprW W U}NW /oW =301
Two non-zero anomalous
'Azlz"’ ¢,§;{ ,;;Y A 0} /55T =576 x 103 Tev couplings
HZy " a;’; %27 fuzf ‘7{/‘72? =224 x 107 C. real (phase ¢=0,TT)
ay’ s fis' 01/037 =272x107* D. complex
Hyy A i o1/0)" =282 x107*
Ty 01/0; o — 28.8 x 10~

* Report results as effective cross-section fractions (and amplitude ratios |ai/a||):

clear connection between
the two parameterisations

lail _ Jfa [0
a| fa, ;i

Predrag Milenovic, University of Florida LS “Higgs + jets” workshop, Durham, 2014

example of effective cross-section fractions (0 < f.2 < I):

fa2 —

|a2] 0 _
2 2 2 ~ 4 ’ Par = arg as
\a1|%0q + |az|?02 + |as|?03 + a1/ (A1)" + ... 1




Spin-zero HZZ anomalous coupl

* Likelihood scans for measurement of individual fa2, fa3 and fL| fractions:

10

— 1eCMS_TEETe sl (T —_ L S A RS N s0MS_ ST BTe) + 5117 TeV)
=) L — Observed, q>a3=o or xt (3D) 4 = 18 — Observed, ¢a2=0 or t (3D i
i 4N Expected, q>a3=0 or x (3D) f} N A Expected, ¢a2=0 or x (3D) — Observed, Opr = Oora 7:
N, — Observed, ¢a3=0 or xt (8D) o . — Observed, ¢a2=o or xt (8D) - Expected, o, = Oorx E
..... Expected, ¢a3=0 or x (8D) -.... Expected, q>a2=0 or x (8D) ]

10 12 —

S \‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\40

Lo b el g Ly 0 [

o)
I R b o R I

L TR TS - - WA

=,
e

-1 -08-06-04-02 0 02 04 06 08 1

07\\\\\H\\H\H“\.T'\"h '1"\““'\‘\\‘\\\‘\\\‘\\\

-1 -08-06-04-02 0 02 04 06 0.8

— L

f5 COS(¢,5) f, cos(d,,)

in terms of the effective fractions:

Parameter Observed Expected V=1
farcos(dpar) 0.22+919 [—0.25,0.37] 0.00"5-26 [—1.00, 0.27] 1.1% (16%)
U[0.92, 1.00]
farcos(¢a2)  0.007051 [-0.66,—0.57]  0.0079:38 [—0.18,1.00] 5.2% (5.0%)

U[—0.15,1.00]
fa3 cos(¢a3) 0.0070-17 [—0.40,0.43] 0.001032 [—0.70,0.70]  0.02% (0.41%)

Pure On* excluded at 95% C.L.

I Pure 0 excluded at 99.98% C.L.
Consistent with Standard Model!
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Spin-zero HZZ anomalous coupl

* Likelihood scans for measurement of individual fa2, fa3 and fL| fractions:

16 CMS 19.7 fo™ (8 TeV) + 5.1 fb' (7 TeV) CMS 19.7 b (8 TeV) + 5.1 fb (7 TeV) 30 CMS 19.7 o' (8 TeV) + 5.1 fb (7 TeV)

—_~ 7\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\7 —~ 7\\\‘\\\‘\\\\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\7 _l L\\\\‘\\\\‘\\\\‘\\\\l

:', — Observed, q>a3=o or «t (3D) :', — Observed, ¢a2=0 or t (3D = L ob q 0

i 14y Expected, ¢_=0 or x (3D) f} ..... Expected, ¢_=0 or r (3D) | < o5 [ ——Observed, ¢, =0orx ]
- - 9 Al [ ]

N — Observed, ¢a3-0 or xt (8D) o — Observed, ¢a2_o or = (8D) h [ .. Expected, ¢M —0orx 1

12; ..... Expected, ¢_=0 or x (8D) B

..... Expected, q>a2=0 or x (8D)

Lo b el g Ly 0 [

[
.6 -0

Ll ‘ L1 - ; Ll ‘ L1l ‘ L1 ‘ L1 \7
4-02 0 02 04 06 08 1
f, cos(d,,)

= d"\"“'\\\\\\\\\u\ui Cooaliny
0 02 04 06 08 1 0-1 -0.8 -0
f5 COS(¢,5)

07\\\\\\\\\\\\\\“\.1.'\‘1
-1 -0.8 -0.6 -0.4 -0.2

in terms of the anomalous couplings

Parameter Observed Expected
(A14/]a1]) cos(¢pa,) [0, —119GeV] U [104GeV, 0] [—00,50GeV]| U [116 GeV, ]
ay/aq [—2.28, —1.88] U [—0.69, 0] [—0.77, c0]
az/ay [—2.05,2.19] [—3.85,3.85]

Pure 0 excluded at 99.98% C.L.
' Pure 0" excluded at 95% C.L.

Consistent with Standard Model!

Predrag Milenovic, University of Florida 3| “Higgs + jets” workshop, Durham, 2014



f,0 COS(0)

Spin-zero HZZ anomalous cou

CMS 19.7 o (8 TeV) + 5.1 fb' (7 TeV)

1 T 14 = T
L — <
0.9 =0orn 95% CL
e Ve -68% CL | £ =
< Best fit < 3
0.5 ! SM o — 05
10 =
0 0
0.5 05—

19.7fb™ (8 TeV) + 5.1 fo™ (7 TeV)
i

—95% CL
---68% CL
< Best fit

Y
o
(5}
o
o
(&}
-
'
-

Results for a range of different scenarios:

Measurement fa1 fa fa3

$ui =0 0.22*% 1; [0.00,0.37] 0.00*3:¢2 [0.00,1.00] 0.00+3:3% [0.00,0.43]
(o. 00+0 05 [0.00,0.27]  (0.007055 [0.00,1.00])  (0.0070:33 [0.00,0.70] )
U[0.92,1.00] )
Gui =TT 0.007338 [0.00,0.82] 0.00739¢ [0.00,0.15] 0.007544 [0.00,0.40]
U[0.56,0.68]
(0.001387 [0.00,1.00] )  (0.007308 [0.00,0.18]  (0.00+3320.00,0.70] )
U[0.62,0.73] )
any g 0.39+0:38 [0.00,0.57] 0.32328 [0.00,1.00] 0.00+337 [0.00,0.47]
(0.0075:55 [0.00,1.00] ) (0.0075:23 [0.00,1.00] )  (0.00+0:35 [0.00,0.74] )
any ¢gi, fa1, Pai 0. 11+§ ig [0.00,0.65] 0. 00+§ ‘é; [0.00,0.19]
(0.001575 [0.00,1.00] ) (0.00+735 [0.00,0.84] )
any ¢ai, fa2, pa2 0. 28+§ Zé [0.00,0.63] 0. ootg o [0.00,0.54]
(0.005'55 [0.00,1.00] ) (0.00+0:52 [0.00,0.81] )
any ¢gi, fu3, 93 0. 42+§ 3 [0.00,0.57] 0. 2s+§ Zg [0.00,0.97]
(0.00+5:56 [0.00,1.00] )~ (0.007(57 [0.00,1.00] )

Predrag Milenovic, University of Florida 5

-0.5 0 0.5

* Likelihood scans for measurement of pairs of fa2, fa3 and fi| fractions:

1C!VI‘S' RN '19.7Vfb'(8TeV)+51fb (7TeV)
- < r —95% CL -
¢, =0o0rm o
16 £ % [ --68% CL £
< S & Best fit <
14 o = 0.5 .+ SM &
12 b
10
0
.057
L

A
0.5

N
o
&)
o

1

f,, COS(9,,)

All results

consistent with Standard Model!

“Higgs + jets" workshop, Durham, 20 14



Spin-zero HZy, Hyy, HWW anomalous

* Likelihood scans for fqi fractions of HZY, HYy, HWW anomalous couplings:

CMS

19.7 o™ (8 TeV) + 5.1 b (7 TeV)

35

-2A InL

30

25

20

(LA LI OS2 o s L

\‘\\\\‘\\\\+

— Observed, ¢:;=0 orx

----- Expected, ¢:;=O orm

s
o

,O
_.j\\
|
|
i
| f
H]

‘3
10

19.7 o (8 TeV) + 5.1 f5" (7 TeV)

45

40

HH‘HH‘#

-2A InL

35

T ‘ T T T T ‘ T T T T 4
— Observed, ¢:Y2=0 orx

..... Expected, ¢/ /=0 or x

Parameter Observed Expected M
fAWeos(pWV) 0217928 [-1.00,1.00]  0.0079:38 [~1.00,0.41] 78% (67%)
U[0.49, 1.00]
WW cos(¢pWW)  —0.021392 [~1.00,—0.54]  0.007393 [—1.00, —0.58] 42% (46%)
U[—0.29, 1.00] U[-0.22,1.00]
WWeos(pWW)  —0.03739% [-1.00,1.00]  0.007}9) [—1.00, 1.00] 34% (49%)
A1 Y cos(¢px Al) —0.2703% [~1.00,1.00]  0.00738 [—-1.00, 1.00] 26% (16%)

ZY cos(¢%T) 0.007324 [—0.49,0.46] 0.007921 [-0.78,0.79]  <0.01% (0.01%)
fa3 cos(¢Z) 0.0270211-040,0.51]  0.007031 [-0.75,0.75]  <0.01% (<0.01%)
F1Y cos( W) 0.127020 (—0.04,+0.51]  0.007541 [-0.32,0.34]  <0.01% (<0.01%)
fX cos(¢ply)  —0.02+3%[-0.35,032]  0.007315 [-0.37,040]  <0.01% (<0.01%)

Predrag Milenovic, University of Florida

£15

19.4 b (8 TeV) + 4.9 fb (7 TeV)
‘ T ‘ T T T T ‘ T T T T i

— Observed

4

3.5

-2A InL

----- Expected

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\ﬁo
=
-0

'
ST T

=
VE e SR \“'

H-4l from pure HZy%,
excluded at > 99.99% C.L.

Hy*y*

Consistent with SM!

“Higgs + jets" workshop, Durham, 20 14



Spin-zero HZZ + HWW anomalous co

* Combined study of anomalous couplings using H=+ZZ and H=>WW channels:

-2A InL

HZZ and HWWV couplings can be related given the assumption of certain symmetries

Considered two scenarios for combination:

- custodial symmetry: ajZ% = a,\WW
* no relation: a;Z% = aWW

a,ZZ = qWW

19.7 o' (8 TeV) + 5.1 fo' (7 TeV)
T ‘ T T T T ‘ T T T T 4
—H-2z

—H-WW, R =05

—H-ZZ+WW, R_=05

—H—ZZ+WW, R_=0.5, a™=aZZ E

-1 -0.5

parameterised HWW and HZZ relation:

-2AInL

-0.8 -06 -0.4 -02 0 02 0.4 0.6 08
R

LR L | o |
04 -02 0 02 04 06 038
R a3

a3

Predrag Milenovic, University of Florida

Assumption on custodial symmetry leads
to stronger constraints du to correlations
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Spin-zero HZZ + HWW anomalous coupl-

* Combined study of anomalous couplings using H—4l and H—IVvIv channels:

* HZZ and HWW couplings related with the custodial symmetry: a,%* = a,"WW
= EERE DR ol SRR SRS R S wll SRS SR S 1
T 21 H 0 H | SEY B

o VL Uy

Parameter Observed Expected V=1
farcos(par) 0211011 [-0.42,0.38]  0.007045 [—1,027] U [0.95,1]  0.56% (13%)
farcos(¢pa2)  —0.011392[-0.11,0.17] 0.00+3:08 [—0.07, 0.51] 0.03% (0.25%)
fazcos(¢az)  0.007508 [—0.27,0.28] 0.0019%3 [—0.53,0.53] <0.01% (0.08%)
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Spin-zero HZZ + HWW anomalous couj

Combined study of anomalous couplings using H=ZZ and H=>WW channels:

* HZZ and HWW couplings related with the custodial symmetry: a;** = a;"WW

1 cMs 19.7 fo™' (8 Te W Syfo™' (7 TeV)
<0 — 1 1 1 ‘.', %
@ CE : ;/;/ j
S “E- | | // 24
> 02— . Y X
2F - | e . \RET e
02 F— : __ : 7 4
— 1 1, 1 1 ’/
o4 = : i
046;— : /://:/
0.8 — 1 1 1 14
LE ; ! 2 ! ! %: KL
et S T A A A U AR
“Expected at 95% CL HZZ ! HWW ! HZy ] | HZZ+HWW (2"}=a)
Expected at 68% CL ! ! ! 1 3
Parameter Observed Expected V=1 3 i
farcos(par) 0211011 [-0.42,0.38]  0.007045 [—1,027] U [0.95,1]  0.56% (13%) f Not excluded in individual £
facos(pn) —0.0172%2[-0.11,0.17] 0.009% [—0.07,0.51] 0.03% (0.25%) | § HZZ or HWW
fascos(¢as)  0.0070% [—0.27,0.28] 0.0070-2% [—-0.53,0.53] <001% (0.08%) B§¥ constraint arises from

"; HZZ HWW correlation \

assuming custodial symmetry (ai?Z = aWW)
Pure 0h*" excluded at 99.93% C.L.
' Pure 0" excluded at 99.99% C.L.
Consistent with Standard Model!
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Conclusions -

Discovery of the Higgs boson has brought us an exciting opportunity
to study long lasting questions...

CMS performed a comprehensive study of the the Higgs boson spin-parity
properties and its HVV interactions using:

HoZ(Y*)Z(Y*)~4l, HOWW=IVlv and H—YY channels

Tested numerous exotic scenarios

* Spin-one and spin-two models excluded at 99% or higher confidence level

Constrained HVV anomalous couplings under spin-0 assumption

* pure anomalous a; (0n*) and a3 (0°) terms excluded at 95% and 99.98% C.L.
* for the first time probed H—=Zy* and H—Y*Y* couplings in 4l final state

All observations with LHC Run | data are consistent with the SM expectation
* Still much left to be studied and explored...

* ...future precision measurements should unveil further
the nature of this boson!
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Backup slides
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Summary of measurements and obse

Measurement Observables ¥
fa1 Dpkg Daa
fa2 Dpkg Don+  Dint
fa3 Dpxg Do-  Dep
A my My
A mr Mg
Z;,’W mr Lo
z z Zry,Al
A Drxg Dyi Dint
fa Dug Dy  Di
z z z
B Dug Dy Do
2 Dug Dy Din
i Dug Dy D
spin-one qq — X(fy2) = ZZ Dpyxg D1 y
spin-one decay X(fy) — ZZ Dpys D Dt
spin-two qq — X(JF) — ZZ Dhig D‘]l;_l
spin-two gg — X(JF) — ZZ Diig D?E
spin-two decay X(J) — ZZ Dyys  Dfe
spin-one qq — X(fjy V) — WW mr My

spintwoggorqq — X(J¥) > WW  mp  my

spin-two gg or qq — X(2f) = vy  m,, cosb*
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